Optical and radar observations reveal that 1999 GU 3 is subkilometer-sized object with a synodic period of 9.0 days, low visual and radar albedos, and colors more consistent with the ordinary chondrites than the vast majority of main-belt asteroids.
1. Introduction. Studies of the distribution of asteroid spin rates vs diameter have shown that there is a significant excess of slow rotators with periods >30 h at diameters below ≈50 km (Dermott et al. 1984 , Binzel et al. 1989 , Pravec and Harris 2000 . Asteroid collisional evolution models explain small asteroids as fragments generated in catastrophic disruptions or cratering of larger asteroids and predict their spin-up but not significant numbers of slow rotators (Harris 1979 , Farinella et al. 1992 . Mechanisms causing spindown of small asteroids have been suggested (see Discussion below) but none of the hypotheses has been proven to satisfactorily explain the basic observational data.
The largest known slow rotator is C-type main belt Asteroid 253 Mathilde, which has a rotation period of 17.41 days and a mean diameter of 53 km (Mottola et al. 1995 , Veverka et al. 1997 . The best-studied slow rotator is S-type nearEarth Asteroid 4179 Toutatis, which radar observations have shown to be an elongated body in a nonprincipal axis (NPA) rotation state characterized by periods of 5.37 days (rotating about the long axis) and 7.42 days (precession of the long axis about the angular momentum vector; Hudson and Ostro 1995, Ostro et al. 1999a) . Toutatis' NPA rotation causes its lightcurve to appear nonperiodic but it contains characteristic frequencies (corresponding to the observed synodic periods of 7.3 and 3.1 days) that are related to the periods of the NPA rotation (Spencer et al. 1995 , Kryszczyńska et al. 1999 .
Lightcurves of several other asteroids with long periods have shown deviations from simple periodicity that are suggestive of NPA rotation: 1689 Floris-Jan (Harris 1994) , 288 Glauke and 3288 Seleucus (Harris et al. 1999) , and 3691 Bede and 1997 BR (Pravec et al. 1998) . Thus, although we cannot say that all slowly rotating asteroids are in NPA rotation states, such states appear to be common among them.
The size distribution of very slow rotators extends from Mathilde (≈50 km) down to 1997 BR (≈1.5 km, Pravec et al. 1998) . Here we present observations of the ≈0.5 km object 1999 GU 3 that reveal a very slow rotation of 9 days.
2. Optical observations. We observed 1999 GU 3 photometrically from 1999 April 14.3 to May 19.9. The observations were made at Ondřejov Observatory, Kharkiv Observatory, and Table Mountain Observatory. We used telescopes with diameters of 0.6-0.7 m that are equipped with CCDs. The observations were made and reduced in the standard way as described by Pravec et al. (1996) and Rabinowitz (1998) . The measurements were calibrated in the Johnson-Cousins system and calibrated using Landolt (1992) standards. Most observations were made through the R filter, with additional measurements in B, V, and I on April 14 and 15 at Table Mountain Observatory. The consistency of the R data calibrations from all three stations is about 0.02 mag. The times have been corrected for light travel time, and magnitudes have been reduced to unit geocentric and heliocentric distances. Table I summarizes the optical observations. Figure 1A plots lightcurve measurements reduced to a phase angle of 60 • (assuming a linear phase parameter of 0.031 mag/deg; see below) vs time. The relatively densely covered part of the lightcurve obtained between April 14 and 24 shows a long-period, large amplitude variation. If we assume that there are two maxima/minima pairs per cycle, then this 10-day interval appears Note. and r are the geocentric and heliocentric distances and α is the solar phase angle.
to cover slightly more than one cycle. Realizing that we needed additional data to determine the rotation period more precisely, we observed the asteroid on six more nights from 1999 May 4 to 19. Due to telescope schedules and the short duration of the observing intervals on each night, we obtained only one point (that is the average of several measurements taken in quick succession) on each of the May nights. The May data show a large variation of the asteroid's brightness that is even larger than the amplitude seen in April. We obtained the following mean color indices at Table Mountain on Since the solar phase angle varied over a relatively narrow range between 56 • and 70 • during the optical observing window (Table I) , we assumed that the asteroid's phase relation is linear with a coefficient of 0.031 mag/deg, corresponding to a phase slope parameter G = 0.15. We experimented with phase parameters varied by ±0.003 mag/deg about this value (corresponding to G between −0.05 and 0.35, the range that is observed for most asteroids; Bowell et al. 1989) and found that our assumption did not introduce any significant systematic error to the results. The uncertainty of 0.003 mag/deg in the linear phase coefficient propagates as a relative error of 0.04 mag between reduced points of 1999 April 14.4 and 24.1, the epochs corresponding to the minimum and maximum solar phase angles observed. Accounting also for possible calibration errors (see above), we consider 0.05 mag as a likely maximum error of points in the reduced lightcurve during the analysis reported below; the only exception is the May 10.1 point that has a random error of 0.08 mag (see Table I ). The mean error of all points in the reduced lightcurve is about 0.03 mag.
We searched for a period in the data using a Fourier series method . Figure 1B plots χ 2 (for a fit with a fourth-order Fourier series) vs period. There are two possible periods: 4.49 ± 0.01 and 9.03 ± 0.03 days. The shorter period corresponds to a lightcurve with a single maximum/minimum pair per cycle. Large-amplitude lightcurves dominated by the first harmonic are virtually unknown among asteroids and there is no plausible hypothesis how they could be generated (a large hemispheric albedo difference is not plausible for the small object), so we consider it likely that the shorter period solution corresponds to one-half of the synodic period of (9.0 ± 0.1) days, where we have adopted an error a few times larger than the formal statistical error to account for possible systematic effects (e.g., change of the synodic period with time) that are not incorporated in the model. The difference between the synodic and sidereal periods could be significant for this long-period, fast-moving object; from the motion of the phase angle bisector (PAB; Table I), we estimate that the synodic-sidereal difference could be as large as ±0.25 day. Figure 1C plots the composite lightcurve for a period of 9.0 days. The peakto-trough amplitude is about 1.4 mag and it is consistent with an elongated shape. Most of the lightcurve points are from a single cycle between April 14 and 21. Points from the other cycles agree well with the same lightcurve except for the points on 1999 May 4.1 and 8.1 (plus symbols at phases 0.23 and 0.67, respectively, in Fig. 1C) . The May 8.1 point is fainter by 0.36 mag than the average of points taken on April 20.0 and May 17.1 that occur around the same phase (0.67) in the composite lightcurve. This difference is much greater than its uncertainty-even if the phase effect was different from the H − G relation (see above), that cannot explain the deviation because the April 20.0 and May 17.1 points were obtained at solar phase angles different by +2.3 • and −5.7 • , respectively, from the phase angle of the May 8.1 point (see Table I ). Thus, a different magnitude of the phase effect that would lessen the deviation of the May 8.1 point from one of the April 20.0 and May 17.1 points would enlarge the deviation from the other point. Thus, the deviation is likely real and it indicates that the asteroid's brightness was significantly lower on May 8.1 than at the same phase two cycles earlier and one cycle later. The point on May 4.1 (at phase 0.23 in Fig. 1C ) is fainter than expected relative to adjacent points if we assume a smooth shape of the lightcurve at phases between 0.1 and 0.35. Although incomplete coverage of the cycle that includes the points on May 4.1 and 8.1 does not allow us to draw firm conclusions, it seems possible that both maxima (near phases 0.2 and 0.7 in Fig. 1C ) had significantly lower levels during that cycle than during the cycles 18 days before and (in the case of the maximum at the phase 0.7) 9 days later. Change of lightcurve shape due to a change of aspect We derived a mean absolute magnitude H = 19.8 ± 0.5 from the zeroth order of the best fit Fourier series extrapolated to zero solar phase angle and by assuming G = 0.15 ± 0.2.
3. Radar observations. We observed 1999 GU 3 with Goldstone's 8560-MHz (3.5-cm) radar system on 1999 April 17 at a distance of 0.057 AU (Table II) . Our methods of radar data reduction and analysis followed those described in detail by Ostro et al. (1992) . In Doppler-only or continuous wave (cw) observations, echoes were received simultaneously in the opposite (OC) and same (SC) senses of circular polarization as the transmission. We began with a wide bandwidth to ensure that the echo would fall within the receiver's passband and we obtained echoes with a correction of +1172 ± 30 Hz to our initial Doppler prediction ephemeris, which was based on JPL orbit solution 10; this correction was comparable to the estimated 1 − σ uncertainty. We promptly used that measurement to generate a new ephemeris (solution 12). Subsequent analysis revealed that the echo was drifting in Doppler frequency relative to solution 10 by ≈1.5 Hz/h, which could have corrupted estimation of the echo bandwidth and interpretation of the echoes had the drift gone unnoticed. Therefore, except for the initial astrometry, where we assigned an appropriately large uncertainty, we did not use the cw echoes obtained with solution 10 in our analyses. We completed 10 more cw runs using solution 12, measured a Doppler correction of 12.1 ± 0.2 Hz at the epoch 1999 April 17 14:00:00 UTC, and concluded the experiment by attempting (unsuccessfully) to measure the asteroid's range. The Doppler astrometry is available at the JPL Solar System Dynamics website at http://ssd.jpl.nasa.gov/radar data.html (Chamberlin et al. 1997) . Figure 1D shows an echo power spectrum of 1999 GU 3 . A weighted sum of 10 cw runs gives an OC radar cross section σ OC = 0.014 ± 0.007 km 2 ; uncertainties are dominated by systematic pointing and calibration errors, and we assign standard errors of 50% to the estimates. The asteroid's circular polarization ratio SC/OC = 0.36 ± 0.07 (the uncertainty is due to receiver noise) is larger than ≈70% of the NEA ratios reported in the peer-reviewed literature , and it indicates that the near-surface of 1999 GU 3 at decimeter scales is morphologically rougher than those of most radar-detected NEAs.
The spectrum resolves the asteroid into four 0.076-Hz Doppler cells exceeding five standard deviations and establishes a bandwidth of 0.3 Hz. Narrow bandwidth requires either that 1999 GU 3 is a very slow rotator, that the apparent Note. Times are the mid-epochs of the observations, given to the nearest one-tenth of a day. The geocentric right ascension and declination are given for equinox J2000. is the geocentric distance. P tx is the average transmitter power and Band is the sampling rate. The orbital solution number is given in column seven. The number of transmit-receive cycles (runs) is listed in the eighth column. t is the interval spanned by each type of observation, f is the raw frequency resolution in the real-time display, and TXoff is the transmitter frequency offset.
spin vector was near the line of sight, and/or that the effective diameter is smaller than the a priori estimate of several hundred meters.
1999 GU 3 was not resolved in range, but the echo bandwidth (given by B = 4π D cos δ/(λP), where D is the breadth of the object, δ is the subradar latitude, λ is the radar wavelength, and P is the rotation period) and rotation period of 9 days place a lower bound on the maximum pole-on breadth D max ≥ 0.64 km. If we assume that the effective diameter (the diameter of a sphere with the same projected area as the target) D eff = D max and we adopt the 1-σ upper limit on σ OC and the formal lower limit on H , then we obtain upper bounds on the radar albedo (equals to σ OC /projected area) and visual geometric albedo (computed from log p v = 6.247 − 2 log D − 0.4H ) of 0.07 and 0.08 that are among the lowest for any near-Earth asteroid. The radar observations occurred at the phase 0.40 in Fig. 1C near a minimum of the asteroid's lightcurve. This suggests that asteroid's long axis may have been oriented within a few tens of degrees of Earth during the radar observations, implying that the effective diameter may be larger than 0.64 km and that the radar and visual albedos may be even lower.
The upper bound on the radar albedo is consistent with those observed among BFGP-and C-type asteroids (Magri et al. 1999) . Among near-Earth asteroids for which shape reconstructions have been published (4769 Castalia (Hudson and Ostro 1994) , 6489 Golevka (Hudson et al. 2000) , 4179 Toutatis (Hudson and Ostro 1995) , 2063 Bacchus , and 1620 Geographos (Hudson and Ostro 1999) ), the upper bound on the radar albedo of 1999 GU 3 is comparable only to that of 1998 KY 26 . The upper bound on the visual geometric albedo suggests the same taxonomic classes as the upper bound on the radar albedo (see Tholen and Barucci 1989) . Although systematic errors due to uncertainties in extrapolation of high-phase-angle observations to zero phase could allow visual albedos greater than 0.10 that are marginally consistent with Q type suggested by the color indices, we conclude that no taxonomic class is consistent with all of the constraints. It is also possible, although unlikely, that the period is one-half of the estimate of 9 days. If so, then D max ≥ 0.32 km and the upper bounds on the radar and visual geometric albedos (assuming D eff = D max ) are 0.28 and 0.32, values that are consistent with the color indices.
4. Discussion. We interpret the 4.5-day period as one-half of the true rotation period because large-amplitude asteroid lightcurves are dominated by second harmonics. The rule that amplitudes of the first harmonic are smaller than amplitudes of the second harmonic has apparently been broken by only one large-amplitude lightcurve: the complex lightcurve of 4179 Toutatis in 1992-1993 showed just one deep minimum during the best-fit 7.3-day period obtained by Spencer et al. (1995) . There were, however, observed multiple secondary minima between the primary minima in the lightcurve (see also Hudson and Ostro (1998) and Kryszczyńska et al. (1999) ). Thus, the Toutatis lightcurve contained more than one minimum per period, as do all other known large-amplitude asteroid lightcurves. A 4.5-day rotation period of 1999 GU 3 showing only one minimum per rotation would be unique and there is no plausible theory how it could be generated. (A large hemispheric albedo difference is not plausible for the tiny world.) Thus, although we formally cannot exclude that the rotation period might be 4.5 days, we consider 9.0 days as the only plausible rotation period.
The 9-day rotation period exceeds more than 99% of all reported asteroid rotation periods (Pravec and Harris 2000) . How did the slow rotation state of 1999 GU 3 originate? Among possible explanations are that the slow rotation resulted from the disruption of a larger progenitor, of which 1999 GU 3 is a fragment; from tidal interactions during one or more very close terrestrial planetary flybys (Richardson et al. 1998 , Scheeres et al. 2000 ; from secular drag due to Yarkovsky thermal forces (Rubincam 2000) ; or due to a combination of these mechanisms. Another possibility is that the slow rotation is the result of tidal despinning between components of a direct binary system (Weidenschilling et al. 1989) , possibly followed by removal of the secondary during a close encounter with a terrestrial planet, a scenario that could leave both components with rotation periods of up to several days Chauvineau 1993, Chauvineau et al. 1995) . Recent studies suggested that binary asteroids are common among near-Earth asteroids ; thus there may be a source for slow rotators created by this mechanism. However, we find no evidence for a satellite in the radar data nor is there evidence for eclipses/occultations in the photometry.
Is 1999 GU 3 an NPA rotator? Impact simulations by Asphaug and Scheeres (1999) suggest that excitation of NPA rotation may be common among fragments of catastrophic disruptions; if so, then if 1999 GU 3 originated in a catastrophic disruption event, the question is whether enough time has elapsed for damping into a principal axis rotation state. A simple expression for estimating the damping timescale is τ ≈ (P/C) 3 /D 2 eff (Harris 1994) , where P is the sidereal rotation period in hours, D eff is the effective diameter in kilometers, and C is a parameter that depends on the material properties of the asteroid. Using D eff = 0.64 km, P = 216 h, and C = 17 +23 −10 , we obtain τ ≈ 5 +69 −4.6 × 10 12 yr, a timescale so long that it suggests that unless 1999 GU 3 originated in uniform rotation, it may be a NPA rotator. Thus, slow rotation and the deviation of two lightcurve points from simple periodicity might provide a hint of NPA rotation.
1999 GU 3 is currently near a temporary mean-motion resonance that brings the asteroid close to Earth every three years. The next opportunity for optical and radar observations of 1999 GU 3 occurs in April 2002, when the asteroid will approach within 0.081 AU of Earth and reach V ≈ 17. Predicted SNRs at Arecibo are on the order of several thousand per day and should be strong enough to reconstruct the asteroid's detailed three-dimensional shape and to define the spin state.
